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Acoel embryos exhibit a unique form of development that some investigators argue is related to that found in polyclad
turbellarians and coelomate spiralians, which display typical quartet spiral cleavage. We generated the first cell-lineage fate
map for an acoel flatworm, Neochildia fusca, using modern intracellular lineage tracers to assess the degree of similarity
between these distinct developmental programs. N. fusca develops via a “duet” cleavage pattern in which second cleavage
occurs in a leiotropically oblique plane relative to the animal–vegetal axis. At the four-cell stage, the plane of first cleavage
corresponds to the plane of bilateral symmetry. All remaining cleavages are symmetrical across the sagittal plane. No
ectomesoderm is formed; the first three micromere duets generate only ectodermal derivatives. Endomesoderm, including
the complex assemblage of circular, longitudinal, and oblique muscle fibers, as well as the peripheral and central
parenchyma, is generated by both third duet macromeres. The cleavage pattern, fate map, and origins of mesoderm in N.
fusca share little similarity to that exhibited by other spiralians, including the Platyhelminthes (e.g., polyclad turbellarians).
These findings are considered in light of the possible evolutionary origins of the acoel duet cleavage program versus the more
typical quartet spiral cleavage program. Finally, an understanding of the cell-lineage fate map allows us to interpret the
results of earlier cell deletion studies examining the specification of cell fates within these embryos and reveals the
existence of cell–cell inductive interactions in these embryos. © 2000 Academic Press
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The turbellarian Platyhelminthes are characterized by a
bilaterally symmetrical, triploblastic, acoelomate body plan
with a single opening to the gut. Because of the simplicity
of their organization, this group has played a prominent role
in discussions regarding the origins of the bilaterian phyla
(Hyman, 1951; von Salvini-Plawen, 1978; Willmer, 1990;
Bagun˜a and Boyer, 1990; Rieger et al., 1991), and they have
formerly been positioned as the sister group of the Eubila-
teria (Ax, 1996; Katayama et al., 1996; Zrzavy et al., 1998;
Littlewood et al., 1999). Recent phylogenetic analyses,
however, suggest that the Platyhelminthes are paraphyletic
(Carranza et al., 1997) and belong to the Eutrochozoa
(Balavoine, 1997, 1998), a clade of coelomate protostomes
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to as spiral cleavage.
The acoel flatworms, which are considered to be mem-
bers of the Turbellaria, have the simplest morphology of the
group (Fig. 1A). The Acoela derive their name from their
lack of a defined digestive cavity where the midventral
mouth opens into the central parenchyma (endoderm) rep-
resented by a mass of nonepithelial tissue with both syn-
cytial and cellular elements (Smith and Tyler, 1985). The
body wall, consisting of the ciliated epidermis and complex
layers of circular, longitudinal, and diagonal muscles (Fig.
1B), surrounds the peripheral cellular parenchyma, which
includes mesodermal tissues other than muscles and repro-
ductive structures. The hermaphroditic reproductive sys-
tem comprises some accessory reproductive structures of
varying complexity and the developing eggs and sperm,
which do not form within true reproductive organs. The
nervous system is organized as a commissural network
rather than ganglionic nerve cords and is associated with a
prominent statocyst located in the anterior end of the
animal (Fig. 1A). Finally, acoels contain no protonephridia.The extremely simple organization of the acoels has
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286 Henry, Martindale, and BoyerFIG. 1. Photomicrographs of Neochildia fusca, showing the basic body plan including body wall musculature. Both views are ventral
views with the anterior end located at the top. (A) Differential interference contrast photomicrograph of the juvenile worm. The mouth (mt)
and statocyst (st) can be clearly seen, but there are not coelomic or gut cavities. (B) Bodipy green phallicidin (Molecular Probes, Eugene, OR),
F-actin-stained juvenile worm revealing the extensive array of circular, spiral, and longitudinal body wall muscle fibers. Scale bar, 50 mm.
FIG. 2. Diagram comparing quartet and duet patterns of spiral cleavage. (A) Animal pole views representing the typical pattern of quartet
spiral cleavage, such as that displayed by the polyclad turbellarian Hoploplana inquilina (Boyer et al., 1996a, 1998). Cleavages through the
formation of the fourth quartet of micromeres are illustrated. The first two cell divisions of the fertilized egg result in the formation of 4
cells (or quadrants) that provide the framework for subsequent development. These cells are designated the A, B, C, and D blastomeres. The
third division is equatorial and generates 4 animal daughter cells, collectively referred to as the first quartet of micromeres (called 1a, 1b,
1c, and 1d). Depending on the species, the cells of the first quartet may be situated in either a slightly clockwise or a counterclockwise
direction relative to the four vegetal macromeres, as one looks down upon the embryo from the animal pole. Subsequent quartets (second,
third, etc.) are given off of the macromeres in alternating 90° orientations. Arrows indicate the direction in which the various quartets of
micromeres are generated at successive stages of development. This shifting arrangement results from the alternating oblique orientation
of the cleavage spindles and represents the basis of the spiral cleavage pattern. In most species four quartets of micromeres are generated.
Ectodermal tissues are derived from the first, second, and third quartets of micromeres, while the fourth quartet cells (4a, 4b, 4c, and 4d)
and the macromeres (4A, 4B, 4C, and 4D) give rise to endoderm. The mesoderm arises from two different sources: “endomesoderm” that
is always derived from the fourth quartet micromere of the dorsal, D quadrant (4d), and “ectomesoderm” from specific derivatives of the
second and/or third quartet micromeres. (B and C) Corresponding lateral and animal pole views, respectively, of duet “spiral” cleavage in
the acoel N. fusca through the formation of the 12-cell stage when the third duet of micromeres has formed. Note that N. fusca does not
exhibit the characteristic alternating clockwise and counterclockwise generation of the various micromere duets, which is seen in the
generation of the micromere quartets in typical spiralians. Specific colors indicated in the key portray the ultimate germ-layer fates of
individual blastomeres in these two different embryos. Note that the acoel does not form ectomesoderm (green cells) and that there are two,
rather then one, sources of endomesoderm (orange cells). The location of the animal pole is indicated by the placement of the tiny round
polar bodies shown only on the zygotes. The orientation of the dorsoventral axis is shown as a dashed line labeled D-V at the 4-cell stage.
For the sake of clarity, the various micromeres and their progeny are not drawn to scale.
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287Development of the Neochildia fuscamade this group particularly important in considerations of
metazoan evolution. A variety of arguments have been
presented for the phylogenetic position of the acoels. For
instance, some argue that they represent basal metazoans,
derived from ciliate protozoans (Hadzi, 1963; Hanson,
1977), or that they are basal bilaterians derived from a
cnidarian–planuloid ancestor (von Graff, 1891, 1908; Hy-
man, 1951, 1959; von Salvini-Plawen, 1978). Some investi-
gators view their simplicity as a secondary reduction from a
coelomate ancestor (Ax, 1963; Remane, 1963; Siewing,
FIG. 3. Fluorescence micrographs of juvenile worms showing r
individual first, second, and third duet micromeres. (A) Dorsal view
cells along the left and right borders of the clone derived from thi
Dorsal view showing the 2a ectodermal pattern. Note that frequentl
to reside within the unlabeled parenchyma (see also F). (D) Dorsal
2a ectodermal pattern. (F) Ventral view showing the 2b ectodermal p
view showing the 3b ectodermal pattern. (I) Higher magnification v
1a, which appears to include labeled neurons. (J and K) Surface a
autofluorescence in uninjected juvenile worms. All examples are sh
lipid drops; ax, axon-like process; cb, cell body. Scale bar in I, 10 m1980; Rieger, 1985; Smith and Tyler, 1985). Although a c
Copyright © 2000 by Academic Press. All rightecent molecular analysis suggests that acoels are not
latyhelminthes and appear to be a distinct phylum of basal
riploblasts (Ruiz-Trillo et al., 1999), most authorities cur-
ently place the acoels within the platyhelminthes (e.g.,
ampos et al., 1998; Litviatis and Rhode, 1999).
Nearly one-quarter of the extant invertebrate phyla, in-
luding the annelids, molluscs, sipunculids, echiurans,
ogonophorans, nemerteans, dicyemid mesozoans, gnatho-
tomulids, and, most importantly for this study, polyclad
urbellarians, exhibit a developmental program that in-
entative examples of ectodermal labeling patterns derived from
ing the 1a ectodermal pattern. Note the intermingling of unlabeled
eled cell. (B) Ventral view showing the 1b ectodermal pattern. (C)
injected lipid droplets are expelled from the labeled cells and come
showing the 2b ectodermal pattern. (E) Ventral view showing the
n. (G) Ventral view showing the 3a ectodermal pattern. (H) Ventral
of the anterior end showing the labeled clone of cells derived from
eep focal planes, respectively, showing the level of background,
with the anterior ends located toward the top. mt, mouth; ld, DiI
cale bar in K, 40 mm, and also applies to A–H and J.epres
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ownludes spiral cleavage and a conserved cell lineage fate map.
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288 Henry, Martindale, and BoyerThe pattern of spiral cleavage is so highly conserved that a
universal nomenclature has been developed to designate
the different blastomeres (Fig. 2A). Numerous cell lineage
analyses carried out on representatives of the various spira-
lian phyla indicate that the four cell quadrants (A, B, C, and
D), which generate four quartets of micromeres toward the
animal pole of the embryo, exhibit consistent relationships
with respect to the future dorsoventral axis, and there are
clear homologies in terms of the origins of ectodermal,
mesodermal, and endodermal derivatives (Costello and
Henley, 1976; Verdonk and van den Biggelaar, 1983; Henry
and Martindale, 1998; Boyer et al., 1996a, 1998). Ectodermal
tissues are derived from the first, second, and third quartets
of micromeres, while the fourth quartet cells (4a, 4b, 4c, and
4d) and the macromeres (4A, 4B, 4C, and 4D) give rise to
endoderm (Fig. 2A). The mesoderm arises from two differ-
ent sources: “endomesoderm” that is always derived from
the fourth quartet micromere of the dorsal, D quadrant (4d),
and “ectomesoderm,” usually from specific derivatives of
the second and/or third quartet micromeres (Boyer et al.,
1996a; Henry and Martindale, 1998). These developmental
features characterize all of the coelomate spiralian phyla as
well as the polyclad turbellarians (Henry et al., 1995; Boyer
et al., 1996a, 1998).
The acoels, on the other hand, exhibit a unique form of
cleavage (Figs. 2B–2C) referred to as “duet spiral cleavage,”
in which, beginning at the four-cell stage, pairs of micro-
meres are generated from two macromeres. However, few
developmental studies have been carried out on acoel
embryos, and there have been no cell lineage analyses since
Bresslau (1909) investigated the development of two species
of Convoluta. In this early paper he suggested a relationship
between the duet cleavage pattern of acoels and the more
typical quartet pattern, thus linking the acoels with the rest
of the Spiralia. Subsequent studies have also interpreted the
acoel pattern as a modification of the quartet type (Ax and
Dorjes, 1966; Costello and Henley, 1976; Ax, 1987; Boyer et
al., 1996b; Boyer and Henry, 1998; Henry and Martindale,
1999), but in fact, it is unclear if the duet and quartet
patterns are related.
In order to examine potential homologies between the
acoel developmental program and that of quartet spiralians,
we examined the cleavage pattern of the acoel Neochildia
fusca and generated a cell-lineage fate map of the embryo by
injecting fluorescent lineage tracers into identified cells
during the early stages of development. The results are
compared with the cleavage pattern and cell lineage of
quartet-cleaving spiralians and considered in light of the
developmental events involved in the determination of cell
fate and embryonic axes within these embryos.
MATERIALS AND METHODS
Sand bearing pink bacterial deposits was collected from
Sippewisset Marsh, Massachusetts, and kept in the laboratory until
specimens of N. fusca migrated to the surface. Adults were har-
Copyright © 2000 by Academic Press. All rightvested and maintained in culture dishes containing seawater and a
few sand grains where they laid eggs in gelatinous masses for about
a week. Internal fertilization is followed by the meiotic divisions
and formation of the first cleavage spindle before the eggs are
deposited. Each egg is surrounded by a tough, closely apposed
eggshell that was successfully removed with sharp forceps in only
about 50% of the cases. Demembranated embryos, which are very
sticky, were raised in gelatin-coated plastic petri dishes and not
allowed to touch one another to prevent their fusion. Using a
dissecting microscope, individual blastomeres were injected with 2
to 4 drops (depending on the cell size) of the fluorescent lineage
tracer DiIC18 (Molecular Probes, Inc., Eugene, OR) dissolved in
soybean oil according to the method of Martindale and Henry
(1995). In some cases both second duet macromeres were injected
with lineage tracer, one with DiI and the second with fluorescein
dextran amine (50 mg/ml in 0.2 M KCl). Success of these injections
was greatly facilitated by the use of a Wild dissecting microscope,
equipped with a Ploem fluorescence attachment to monitor the
progress of injection. Embryos were raised for 5 days at 22°C when
the juveniles were examined with a Zeiss fluorescence microscope
and images were captured with an Optronix D1750 CCD camera
and IMAXX (PDI, Redford, WA) frame grabber on a Macintosh
computer or a SPOT digital camera (Diagnostic Images, Inc.,
Sterling Heights, MI).
RESULTS
Cleavage Program
Fertilized N. fusca eggs are 195 mm in diameter. The
cleavage pattern of this species appears to be completely
different from any other phylum-specific program. First
cleavage passes through the animal–vegetal axis and gives
rise to two indistinguishable, equal-sized, blastomeres
called A and B. The next division does not pass through, or
perpendicular, to the primary egg axis or the first cleavage
plane as it does in virtually all other metazoan embryos.
Rather, the cleavage spindle forms at an oblique 45° angle to
the animal–vegetal axis with a smaller “micromere” being
generated toward the animal pole. The first “duet of micro-
meres” is generated in a counterclockwise, or leiotropic,
orientation when viewed from the animal pole (Figs. 2B and
2C). During the next division to the 6-cell stage, the
spindles do not reorient, so that a second set of micromeres
is born from the macromeres also in a leiotropic direction.
These cells become shifted somewhat more laterally due to
the presence of the first duet micromeres following the
cleavage division. The 8-cell stage arises as the first duet
micromeres divide, and unlike the macromeres, the mitotic
spindles of these blastomeres reorient by 90° at the next
division to give rise to a dexiotropic division. The 10-cell
stage is reached when the second duet micromeres divide in
a bilaterally symmetrical fashion through the future frontal
plane. Close observation reveals that this division occurs in
a slightly dexiotropic fashion. The third duet of micromeres
is generated at the 12-cell stage when the macromeres
undergo yet another slightly leiotropic division (Figs. 2B
and 2C). As a result, the third duet macromeres are closely
apposed at the vegetal pole and ultimately become covered
s of reproduction in any form reserved.
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289Development of the Neochildia fuscaby the dividing overlying micromeres. Generation of a
fourth duet of micromeres has been reported for two other
species (Bresslau, 1909), but if this division occurs in N.
fusca, it must be internal, because we have not observed it
in living embryos. Division of the third duet micromeres is
also equal and bilateral in nature.
Cell Fates
In order to determine the fates of the blastomeres, we
injected individual, or sometimes pairs of, cells with fluo-
rescent lineage tracers. Because both of the first two cells
are equal in size we were not able to distinguish derivatives
of the A cell from the B cell at the time of the injection.
However, since labeling patterns were relatively consistent,
it is clear that these two cells and their progeny are fated to
give rise to different regions of the adult worm.
First Duet Micromeres
Two basically symmetrical labeling patterns were ob-
served following the injection of first duet micromeres with
DiI, one occupying the dorsal midline (n 5 14) and the
ther the ventral midline (n 5 10), which correspond to the
erivatives of 1a and 1b, respectively (see Figs. 3A, 3B and
A–4C, and Table 1). These two clones were quite distinct
TABLE 1
Results of Labeling Individual Blastomeres of Neochildia fusca at
Cells injected
Number
examined
Ectoderm
D
(1a)
V
(1b)
L
(2a)
R
(2b
1st duet micromere 26 14 10
2nd duet micromere 24 10 13
3rd duet micromere 25
2nd duet macromere 102
3rd duet macromere 37
a Abbreviated ectodermal labeling patterns refer to dorsal (D), v
ight-ventral (PRV) domains. The corresponding blastomere clonal
b Parenchyma includes peripheral mesodermal and central endo
ABLE 2
esults of Labeling Both Second Duet Macromeres in Individual E
Number
examined
Both labeled muscle
and both labeled
ectoderm
Both labeled
muscle and o
labeled ectode
Right
28 10 2Note. All injections labeled peripheral and central parenchyma. See t
Copyright © 2000 by Academic Press. All rightnd regular, but each had variable boundaries (Figs. 3A and
B), with some cases extending farther toward the lateral
dges of the juvenile worm than others. Some mixing of
abeled and unlabeled cells can be seen along these borders.
he data indicate that the derivatives of the two first duet
icromeres lie on opposite sides of the frontal plane. These
ells always gave rise to ectodermal derivatives and never to
esodermal or other internal cell types (Table 1). First
uartet derivatives included a number of cells, which ap-
eared to be neurons with elongated axonal projections
unning individually along the epidermal plane (see Fig. 3I).
Second Duet Micromeres
Two different types of clones were also generated by
injection of second duet micromeres and all gave rise to
strictly ectodermal derivatives with no internal labeling
(Table 1). However, the distribution of the fluorescent
patterns was completely different from those of the first
duet micromere derivatives, with labeled cells occupying
bilaterally symmetrical positions. These clones were biased
toward the left (n 5 10) and right (n 5 13) lateral surfaces
here they often extended along the full anterior–posterior
xis. Their domains vary on the dorsal versus the ventral
urfaces, as shown in Figs. 3C–3F and 4A–4C. On the basis
f injections performed at the two-cell stage (data not
rent Stages of Development
abeling patterna Muscles
labeled
Parenchymab
labeled
PLV
(3a)
PRV
(3b)
None
(3A/3B)
Other
(?) 1 2 1 2
2 0 26 0 26
1 0 24 0 24
15 9 1 0 25 0 25
44 41 17 76 26 102 0
37 31 6 37 0
l (V), left (L), right (R), posterior left-ventral (PLV), and posterior
tities are also provided in parentheses.
al tissue.
os with Two Different Lineage Tracers
Both labeled muscle and
neither labeled ectoderm
No labeled muscle
and both labeled
ectoderm
14 1Diffe
al l
)
entra
idenmbry
ne
rm
Left
1ext for details.
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290 Henry, Martindale, and BoyerFIG. 4. Summary diagram showing lateral (A) and animal pole (B) views of the early cleavage divisions that generate the first, second, and
hird duet micromeres and their corresponding ectodermal clones in the juvenile worms (C). The location of the future adult dorsoventral
xis (labeled D-V) is shown for the two-cell-stage embryo shown in (B). Diagram is modified after that of Boyer et al. (1996b). Reproduced
y permission of the publisher.
IG. 5. Photomicrographs of N. fusca, showing the labeled muscle cells derived from third and second quartet macromeres after 5 days
of development. In all cases, the worms are viewed from the ventral surface, and the anterior end is located at the top. (A) Labeled body wall
muscle fibers in an embryo in which one of the third quartet macromeres was injected with DiI. (B and C) Complementary
high-magnification views of the same ventral region of an animal in which one second duet macromere was injected with DiI and the other
second duet macromere was injected with lysinated fluorescein dextran. Notice that both the 3A and the 3B cells have generated unique,
nonoverlapping populations of muscle fibers. mt, mouth. Scale bar in A, 50 mm. Scale bar in C also applies to B, 20 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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291Development of the Neochildia fuscashown), we determined that these bilaterally symmetrical
left and right patterns are derived from the A and B cell
lineages, corresponding to 2a and 2b, respectively. The
exact boundaries of these patterns varied slightly from
embryo to embryo but on the basis of their locations, one
could accurately define the blastomeres that gave rise to
each of the labeled clones. These data indicate that the
derivatives of the second duet micromeres lie on opposite
sides of the bilateral plane. Second duet micromeres also
FIG. 6. Summary lineage diagram illustrating the derivatives o
blastomeres. Colors distinguish the ectodermal derivatives of the fi
mesodermal and endodermal derivatives (parenchyma) of the thirdgave rise to neuronal cell fates that were identical in
Copyright © 2000 by Academic Press. All rightppearance to those derived from first duet micromeres
data not shown).
Third Duet Micromeres
The third duet micromeres give rise to two distinct
ectodermal clones that occupied left-ventral (n 5 15) and
right-ventral (n 5 9) locations at the posterior end of the
juvenile worm. On the basis of injections carried out at the
e acoel duet cleavage program including the fates of identified
blue), second (green), and third (purple) duet micromeres from the
t macromeres (orange), as indicated in the diagram.f th
rst (two-cell stage and the first duet macromeres (data not
s of reproduction in any form reserved.
m
c
a
d
292 Henry, Martindale, and Boyershown), we determined that the posterior left-ventral and
posterior right-ventral patterns corresponded to the 3a and
3b ectodermal patterns, respectively (Figs. 3G, 3H, and
4A–4C). Like the first two duets, third duet micromeres
generated only ectodermal progeny, including neuronal
cells, and there was no sign of internal labeling of muscle or
parenchymal cells.
Third Duet Macromeres
The 3A and 3B macromeres that remain after the genera-
tion of the third duet of micromeres (i.e., following fourth
cleavage) give rise to all cell types other than the ectoderm,
including the extensive longitudinal, oblique, and circum-
ferential body wall muscles; the cellular peripheral paren-
chyma; and the central parenchyma (Table 1). The anteri-
orly located gravity-sensing statocyst is also generated by
the progeny of these macromeres. When one of the two
third quartet macromeres was randomly injected with DiI,
it always gave rise to cellular parenchyma (mesoderm) and
endodermal tissues, and 84% of these cases (31 of 37 cases
examined) exhibited labeled muscle fibers (Table 1 and Fig.
5A), suggesting that both macromeres give rise to mesoder-
mal tissues. In the other cases the labeling was faint and it
was difficult to detect muscle cell staining over other
internal labeling, which includes some autofluorescence
(see Figs. 3J and 3K).
Second Duet Macromeres
The results of the third duet macromere injections sug-
gest that both of these cells contribute to mesoderm and
muscle formation during normal development. In order to
determine whether this is true and not related to an artifact
associated with the injections, we performed two additional
sets of cell labeling experiments. In the first set of experi-
ments, we labeled individual second duet macromeres in an
attempt to correlate the ectodermal labeling patterns pro-
duced by the progeny of the third duet micromeres with the
formation of longitudinal, circular, and oblique muscle
fibers. Ectodermal labeling was observed in 85 of 102 cases
examined; in approximately half of these (44), a patch of
ectodermal labeling was limited to the left-ventral side of
the animal posterior to the mouth (corresponding to the 3a
ectodermal pattern), while in the other half of the cases (41),
a patch of ectoderm was labeled in a mirror-image pattern
on the right-ventral side (corresponding to the 3b ectoder-
mal pattern, data not shown). In all cases, the parenchyma
was labeled (see Table 1). Although in some cases the
muscle staining was difficult to visualize over the fluores-
cent background of the parenchyma, we observed labeled
muscle in 24 of the cases exhibiting the 3a ectodermal
patterns, and 35 of the cases exhibiting the 3b pattern,
indicating that derivatives of both of the first two cells
contribute to muscle cell formation (see below). In 17 cases
muscle was labeled but not ectoderm (see Table 1). The fact
that no ectoderm appeared to be labeled in these latter cases
Copyright © 2000 by Academic Press. All rightay be due to the possibility that the injections were
arried out closer to the time of the next cleavage division,
nd the DiI may not have had enough time to be completely
istributed throughout the cell and, thus, its progeny.
Double Labeling Both Second Duet Macromeres
In the second set of experiments to further test the
possibility that both third duet macromeres generate
muscle in individual embryos, we injected each of the
second duet macromeres (2A and 2B) at the 8-cell stage with
different fluorescent lineage tracers (DiI C18 and fluorescein
dextran amine). Again, we chose to inject these cells at the
8-cell stage, rather than injecting the more centrally located
third duet macromeres at the 12-cell stage, because the
second duet macromeres generate some ectodermal prog-
eny derived from the third duet micromeres, which could
be correlated with the patterns of muscle cell labeling. In 27
of 28 cases (96%), we were able to detect both DiI- and
lysinated fluorescein dextran-labeled muscle fibers in the
juvenile worms (Figs. 5B and 5C), and in many of these
cases, the labeled muscles could be correlated with both the
3a and the 3b ectodermal labeling patterns (Table 2). These
findings demonstrate that both the third duet macromeres
(3A and 3B) normally contribute to the formation of non-
overlapping sets of longitudinal, oblique, and circumferen-
tial muscle fibers. Therefore, all of the mesoderm in the
acoel embryo arises from these two bilaterally situated
endomesodermal progenitors. The early cell lineage of N.
fusca is summarized in Fig. 6.
DISCUSSION
The cleavage pattern and fate map of N. fusca are unlike
those of any other group of metazoans previously described.
Although the first cleavage plane is more typical, passing
through the animal–vegetal axis, the second cleavage takes
a distinctly unequal “spiral” character as it orients in a
leiotropically oblique position relative to the animal–
vegetal axis. In virtually all other metazoans, the plane of
second cleavage is perpendicular to the first cleavage plane
(and usually intersects the animal–vegetal axis). In fact, the
macromeres of N. fusca undergo three consecutive leiotro-
pically oriented divisions without significantly alternating
spindle orientation predicted by “Hertwig’s rule” (see Figs.
2A–2C and 4A and 4B). Previous workers have looked at
acoel embryos and our observations for the most part
support theirs. Bresslau (1909) and Costello and Henley
(1976) mistakenly report that the second duet micromeres
is given off in a dexiotropic direction, in disagreement with
our observations as well as those of Apelt (1969). Since the
following division of the first duet micromeres is dexiotro-
pic, alternating cleavage orientations do take place in this
species even though cleavage of the second and third duet
micromeres tends more toward that of bilaterally sym-
metrical, frontal divisions. The nearly bilaterally symmetri-
s of reproduction in any form reserved.
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293Development of the Neochildia fuscacal division of the second duet micromeres also appears to
have a slight dexiotropic character, which is not apparent in
the division of the third duet micromeres.
The cleavage program of N. fusca takes on an increasingly
bilateral organization with respect to the future anterior–
posterior axis. The plane that joins the two first duet
macromeres, and thus the first cleavage plane, defines the
plane of bilateral symmetry (Figs. 2 and 4). Second and third
duet micromeres generate bilaterally symmetrical ectoder-
mal domains (Boyer et al., 1996b). Furthermore, both third
duet macromeres appear to generate symmetrical fates.
Slight variations in their contributions from embryo to
embryo may be related to the highly regulative capacity of
these cells and hint at the existence of epigenetic events
associated with the determination of their fates (Boyer,
1971, and see further discussion below). Overall, the devel-
opmental program of N. fusca is organized in a bilateral
fashion.
Duet Cleavage vs Quartet Cleavage
Because the acoels have traditionally been grouped with
the archoophoran turbellarians, including the polyclads,
which exhibit typical quartet spiral cleavage, the acoel
cleavage pattern has been interpreted as a modification of
the quartet type (Ax and Dorjes, 1966; Costello and Henley,
1976; Ax, 1987, 1996; Boyer et al., 1996b; Boyer and Henry,
1998; Henry and Martindale, 1999). Our observations dem-
onstrate that acoel duet cleavage has several distinct fea-
tures compared to the stereotypical developmental program
characteristic of polyclad turbellarians and other members
of the coelomate spiralian clade (Boyer et al., 1996a, 1998).
For instance, the orientation of the early cleavage planes
and their relationship to the adult axes differ substantially.
In acoels the first cleavage plane and that separating the
vegetal macromeres at the four-cell stage correspond to the
sagittal plane; however, in quartet spiral-cleavers, including
polyclad turbellarians, the sagittal plane runs obliquely
through the opposite B and D cell quadrants (compare Figs.
2A and 2C). Furthermore, the “spiral” cleavages that gen-
erate each of the micromere duets in N. fusca do not
alternate in a clockwise and counterclockwise fashion
(Boyer et al., 1996b), as is the case in quartet spiral cleavage
(Verdonk and van den Biggelaar, 1983; Boyer and Henry,
1998). Rather all of the micromere duets arise from leiotro-
pic divisions (Figs. 2C and 4B).
The fates of individual blastomeres in N. fusca and other
spiralian embryos are also not the same. While embryos
displaying quartet spiral cleavage, including polyclad tur-
bellarians, form ectomesoderm (Boyer et al., 1996a, 1998),
one is generated from the first three duets of micromeres
n N. fusca. All of the mesoderm in N. fusca (including both
he muscles and the parenchyma) is generated by endome-
oderm derived from not one, but both third duet macro-
eres. In other spiralian embryos, including polyclad tur-
ellarians (Boyer et al., 1996a, 1998), endomesoderm is
enerated by a single mesendodermal precursor (the 4d
Copyright © 2000 by Academic Press. All righticromere), and other mesodermal cells are derived from
ctomesodermal precursors. We have not been able to
ollow the subsequent division of the third duet macro-
eres to determine when mesodermal fates segregate away
rom endodermal fates. This is a technically difficult experi-
ent to perform due to the internal location of the third
uet macromeres and their progeny.
What Is the Relationship between Duet Cleavage
Pattern and Quartet Spiral Cleavage?
The prevailing notion is that acoels represent derived
turbellarian flatworms in which quartet spiral cleavage
represents the ancestral condition. If this is true, how might
duet cleavage have arisen from quartet spiral cleavage? It
has been suggested that the duet cleavage pattern could be
derived from the quartet pattern, if the direction of certain
cleavage divisions were altered or certain divisions were
eliminated during the evolution of acoel development (Ax
and Dorjes, 1966; Ax, 1987; Boyer and Henry, 1998; Henry
and Martindale, 1999). In most quartet-cleaving spiralians
the formation of the first quartet of micromeres (third
cleavage) occurs in the dexiotropic direction. The preceding
second cleavage division actually exhibits a leiotropic char-
acter, although the plan of this division is not equatorial.
Thus, one could explain the occurrence of the leiotropic
formation of the first duet if the embryos simply form
micromeres at the second cleavage division. There are some
species that exhibit leiotropic formation of the first quartet
micromeres, thus an alternative could be that the second
cleavage division was eliminated in an ancestral form that
exhibited leiotropic formation of the first quartet. These
simple explanations, however, do not account for the fact
that the second and third duet micromeres are also gener-
ated in a leiotropic fashion in acoel embryos. This latter
point could be accounted for if during the course of evolu-
tion, acoel embryos have come to skip every “even” cleav-
age division, again arising from an ancestral spiralian stock
that exhibited leiotropic formation of the first quartet
micromeres (Boyer and Henry, 1998; Martindale and Henry,
1999). On the other hand, we can consider the contrasting
argument that quartet spiral cleavage is derived from the
duet pattern. The latter would require the insertion of an
additional cleavage division before the formation of animal
micromeres, and the invention of alternating oblique cleav-
age divisions. None of these simple interpretations, how-
ever, is consistent with the acoel fate map. The embryonic
axial relationships of the various cleavage planes, the ab-
sence of mesoderm from the animal hemisphere (ectome-
soderm), and the fact that both third duet macromeres
produce endomesoderm are quite different from typical
spiral-cleaving forms. In fact, the acoel cleavage pattern
appears more as a form of bilateral cleavage, which is
especially apparent at the later stages (Figs. 2B, 2C, 4A, and
4B). One can speculate as to whether duet spiral cleavage
arose from a form of radial or biradial cleavage characteris-
tic of the more primitive cleavage programs in the Metazoa.
s of reproduction in any form reserved.
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294 Henry, Martindale, and BoyerIt has been argued that radial cleavage, viewed as a special
case of bilateral cleavage, and regulative development are
ancestral for the Metazoa (Valentine, 1997). Acoels display
both of these features. While highly controversial, some
investigators have argued on the basis of morphological
criteria (von Graff, 1891, 1908; Hyman, 1951; Ax, 1996) and
molecular data (Ruiz-Trillo et al., 1999) that acoels might
represent basal triploblastic bilaterians. If this is true, the
acoels could have been derived from diploblastic ancestors
of the Radiata (e.g., cnidarians and ctenophores; Hyman,
1951; Clark, 1964; von Salvini-Plawen, 1978; Ax, 1996;
Wilmer, 1990). In fact, certain features, including similari-
ties in the cleavage pattern and cell-lineage fate map,
including the origins of the mesoderm in the ctenophores
(also arising from endomesoderm), are consistent with this
hypothesis (Martindale and Henry, 1999). Without a firm
understanding of their exact phylogenetic position, we
cannot infer which changes have taken place during evolu-
tion, and there are several examples illustrating that dra-
matic modifications in cleavage patterns and cell-lineage
fate maps have occurred during evolution, even within
individual phyla. For instance, dramatic changes have oc-
curred in the evolution of direct-developing echinoids
(Wray and Raff, 1989) and spiral cleavage has been com-
pletely abandoned in the cephalopods (Arnold, 1965, 1971).
The Role of Inductive Interactions in Controlling
Cell Fates in Acoel Embryos
Boyer (1971) has examined the development of N. fusca
embryos following deletion of specific blastomeres. Dele-
tions of single blastomeres at the two-cell stage, of indi-
vidual pairs of micromeres, and of single micromeres or
macromeres at any stage through the formation of the third
duet resulted in fairly normal development. On the other
hand, deletion of both macromeres (first, second, or third
duet) generally resulted in abnormal development of a
ciliated embryo with a central hollow cavity. Tissue differ-
entiation in these latter cases appeared to be fairly normal,
including the formation of peripheral and central paren-
chyma. While there was also a discernable layer located
between the ectoderm and the peripheral parenchyma,
there was no sign of muscular contraction in these animals,
suggesting that they did not differentiate muscle cells.
Likewise, statocysts were not formed in these latter cases.
These experiments can now be interpreted in light of the
cell-lineage fate map established here. While the macro-
meres appear to be the only cells able to form muscle cells
and the statocyst, the appearance of parenchymal tissues in
the absence of the vegetal macromeres suggests that vegetal
(macromere) inhibitory inductive interactions control the
development of the animal micromeres, ensuring that these
cells normally generate only ectodermal fates. If there is a
close link between the acoels and the other spiralians, this
is not surprising, as it has been well established that
reciprocal animal–vegetal inductive interactions play vital
roles in setting up the dorsoventral axis and specific cell
Copyright © 2000 by Academic Press. All rightates in many of those phyla (van den Biggelaar and Guer-
ier, 1983). The regulative nature of the acoel embryo can
ow be understood in terms of both the bilaterally sym-
etrical contributions to particular germ lineages and the
remendous plasticity of the animal micromeres.
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